We have examined the impact of the RAD51 recombination pathway on recombination and mutagenesis induced by UV-C in mammalian cells. We used hamster CHO cell lines that express dierent forms of Rad51 protein, resulting in stimulation or inhibition of spontaneous gene conversion. Spontaneous mutagenesis was aected by none of the RAD51 forms. The wild-type mouse MmRAD51 aects neither UV-induced recombination nor UV-induced mutagenesis. In contrast, the dominant negative SMRAD51 strongly impairs UV-induced recombination while it stimulates UV-induced mutagenesis. Our results show that a defect in the RAD51 gene conversion pathway reveals (a) mutagenic alternative pathway(s) to repair UV-damage, in mammalian cells.
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Keywords: mammalian RAD51; recombination; mutagenesis; DNA repair; UV-C Homologous recombination (HR) is involved in fundamental processes controlling genome organization and maintenance. The well-documented DNA double strand breaks (DSB) repair model provides the molecular basis of DSB repair by HR (Szostak et al., 1983) . In addition to DSB repair, HR can also participate in post-replication repair of other type of lesions such as DNA bulky adducts. An identical sister-chromatid provides a homologous partner to favour recombinational repair and to resume replication (Fabre et al., 1984; Kadyk and Hartwell, 1992) . The repair of UV-C induced damage is a paradigm for post-replication repair (PPR) in Escherichia coli. Indeed, UV-C damage is mainly repaired by nucleotide excision repair (NER), an error-free repair process. However, when UV-lesions persist, PPR can act which actually results in tolerance of damage. When the replication forks reaches DNA adducts such as pyrimidine dimers induced by UV-C, two alternatives allow replication to continue with tolerance of damage.
In the ®rst alternative, translesion synthesis (TLS) allows replication to bypass the lesion. However, TLS can incorporate a mispaired base in front of the adduct resulting in a mutation. Alternatively, HR favours the use of the intact sister-chromatid as a template for replication, via a DNA strand-exchange process (for review see Lehmann, 2000) . Consequently, this pathway does not generate mutations at the damaged site itself. In mammalian cells, very little is known of the global accuracy of post-replication repair (TLS plus HR). The recent characterization of several TLS polymerase reveals a complex situation since these polymerases show low processivity and low stringency in template discrimination allowing to synthetize past the lesion. The low processivity avoids a high frequency of mutation (Woodgate, 1999; Lehmann, 2000) . All these considerations raise the question of the residual potential mutagenesis in a context defective in the alternative HR post-replication pathway, i.e. strictly resulting from the balance between the action of the error-free and error-prone polymerases. UV-C has been shown to induce HR in mammalian cells (Wang et al., 1988) , but the consequences of defects in homologous recombination on UV-C-induced mutagenesis remain to be determined. The role of the mammalian RAD51 is well documented in DSBinduced recombination, but its role in UV-induced recombination and in mutagenesis remains to be directly elucidated in mammalian cells. Here we measure the impact of RAD51-recombination on UV-C-induced recombination and UV-C-induced mutagenesis. Although the mammalian RAD51 is an essential gene in mammalian cells (Tsuzuki et al., 1996) , we have derived hamster CHO cell lines expressing dierent forms of RAD51 resulting in either the stimulation or the inhibition of spontaneous or DSB-induced recombination . We took advantage of these cell lines to determine the role of the mammalian RAD51 pathway in cell resistance, recombination and mutagenesis after treatment of mammalian cells with UV-C.
Cell lines used
We used a collection of cell lines deriving from the parental CHO-DRA10 and containing an intrachromosomal recombination substrate composed of two inactive copies of the neomycin-resistant gene ( Figure  1a ). The cells (Neo
7
) are sensitive to a selective medium containing G418. Recombination can restore a functional neomycin gene; recombinant cells (Neo + ) are thus resistant to G418 (Liang et al., 1998) .
In the parental CHO-DRA10 line we over-expressed either the wild-type mouse MmRad51 protein or the yeast/mouse chimerical SMRad51 protein. The chimerical SMRad51 protein comprises the 55 N-terminal amino acids from ScRad51 fused to the entire MmRad51 ( Figure 1b ). MmRad51 leads to stimulation of both spontaneous and g-ray-induced recombination (hyper-rec lines). SMRad51 inhibits spontaneous and gray-induced recombination (hypo-rec lines), in a dominant negative manner. On a unique DSB targeted in the recombination substrate, the dierent ectopic Rad51 forms speci®cally act on gene conversion . Moreover, since all derivative lines derive from the same parental ancestor (CHO-DRA10), recombination is thus compared at the same locus in the dierent lines. The names and phenotypes of dierent cell lines are indicated in Figure  1c .
Effect of RAD51 status on UV-C resistance
We ®rst measured the eect of the expression of the dierent RAD51 forms on resistance to UV-C radiation. UV-C exhibited dose-dependent cytotoxicity. For doses up to 20 J/m 2 no signi®cant dierences in sensitivity were observed between the hyper-rec lines (over-expressing the mouse MmRAD51), the hypo-rec lines (over-expressing the dominant negative SMRAD51) and the control lines ( Figure 2a ). Increasing the dose to 30 J/m 2 revealed dierences in UV-C sensitivity between the control cell line and the hyporec lines. At 30 J/m 2 , the survival of the control CHO-DRA10 line was 3% whereas the two hypo-rec lines were 3 ± 10-fold more sensitive, at the same dose (Figure 2a ). In contrast, the expression of the wildtype MmRad51 did not confer any UV-C resistance, whatever the dose used (Figure 2a ).
RAD51 affects UV-C induced recombination
The capacity of the dierent cell lines to undergo recombination has previously been measured on spontaneous or DSB-induced recombination . Since UV-C has previously been shown to induce recombination in mammalian cells (Wang et al., 1988) , we determined here whether this pathway is controlled by RAD51 status. As expected, UV-C stimulated recombination in control lines in a dose dependent manner (Figure 2b and c) .
Expression of the wild-type mouse MmRAD51 did not stimulate the induction of recombination by UV-C. UV-induced recombination is strongly impaired in the lines expressing the dominant negative SMRAD51. At doses of 10 and 20 J/m 2 , even though survival was not aected at these doses, very few recombinants were Figure 1 The cell lines used here derive from CHO-DRA10 containing an intrachromosomal recombination substrate (a) and expressing dierent RAD51 forms (b). (a) Recombination substrate: the CHO-DRA10 line contains a tandem repeat of two inactive sequences of the neomycin resistance gene (S2 neo and 3' neo white boxes); the cells are sensitive to G418. S2 neo contains a promoter (black box) but is inactivated by the insertion of the I-SceI sequence (gray box). 3' neo is not expressed because of the absence of any promoting sequence. Recombination between the two inactive neo sequences can re-create a functional neo-resistant gene that will confer resistance to G418 on the recombinant cell (Liang et al., 1998) protein stimulates recombination (Hyper-rec) whereas SMRad51 inhibits recombination (Hypo-rec). MmRads51-2 corresponds to the previously described Rm2 cell line . CHO DRA10 cells (Liang et al., 1998) and their derivative lines were cultured at 378C with 5% CO 2 in Dulbecco's modi®ed Eagle medium supplemented with 10% foetal bovine serum. All DNA manipulations were performed as described (Sambrook et al., 1989) RAD51 affects UV-induced recombination and mutagenesis S Lambert and BS Lopez scored in two hypo-rec lines. The expression of the dominant negative SMRAD51 impaired UV-C-induced recombination from 14 ± 99-fold at 10 J/m 2 and 10 ± 13-fold at 20 J/m 2 (Figure 2b and c). These results are consistent with an involvement of the RAD51 pathway in UV-induced recombination.
UV-C is a strong recombination inductor in mammalian cells, compared to ionizing radiation. This conclusion is attested by a set of data. First, UV-C stimulates recombination whereas g-rays fail to induce recombination in mouse L-cells (Wang et al., 1988) , unless the p53 pathway is aected (Saintigny et al., 1999) . Second, in the hamster CHO cells used here, p53 protein is mutated (Hu et al., 1999 ) and g-rays are able to stimulate recombination (Lambert and but, at equivalent cell toxicity, much less eciently than UV-C, (compare present results and Lambert and . For survival of between 50 and 70% (10 J/m 2 UV-C or 2 Gy for g-rays), UV-C induced recombination is 13 ± 20-fold higher compared to g-rayinduced recombination. At a dose permitting 10% survival (20 J/m 2 or 6 Gy), UV-C is 132-fold more ecient than g-rays in inducing recombination ( Figure  2 ). In this context, it is remarkable that the wild-type MmRAD51 stimulates both spontaneous and g-rayinduced recombination , whereas it is unable to enhance UV-induced recombination. UV induces recombination as a function of the dose (see Figure 2) , and one can suggest that for each dose recombination is induced at its maximum eciency and it is impossible to increase the recombination frequency further. In contrast, since spontaneous and g-ray-induced recombination are more modest, it would be possible to increase the recombination frequency by over-expressing MmRAD51. Inversely, the trans-dominant negative SMRAD51 is able to substantially impair spontaneous, g-ray-induced (Lambert and as well as UV-induced recombination, which is consistent with the hypothesis. Altogether, these results show that RAD51 participates in UV-induced recombination in mammalian cells. Remarkably, at the UV doses used, recombination frequency was unlikely to be stimulated by DSBs. The high level of HR frequency induced by UV-C compared to g-rays can be explained by a higher number and by prolonged persistence of the UVdamage compared to ionizing radiation induced damage. Indeed, rodent cells will tolerate UV damage for several generations. In addition, since the CHO cells are defective for p53, both global and transcription-coupled repair is impaired.
Effect of RAD51status on mutagenesis
Mutagenesis of the Na + /K + -ATPase membrane pump gene was measured. Mutation in this gene leads to ouabain resistance. We ®rst measured spontaneous mutagenesis by¯uctuation analysis using the Luria and DelbruÈ ck assay (Luria and Delbruck, 1943; Capizzi and Jameson, 1973) . No signi®cant dierences were measured in the mutation rate (per cell/per generation) between the dierent cell lines (Figure 3a) . Thus After irradiation the cells were incubated in DMEM at 378C for 24 h. The cells were then trypsinized and divided into two fractions. The ®rst fraction was used to calculate the viability by measuring the plating eciency. The second fraction was plated on selection medium containing G418 (500 mg/ml). Mean values of at least three independent experiments stimulating or inhibiting the RAD51 spontaneous recombination pathway does not aect spontaneous mutagenesis.
HR could represent a process for PPR of UV lesions. Since UV-induced recombination is aected in the hypo-rec cell lines, we measured the consequences of defective RAD51 recombination pathway on UVinduced mutagenesis. UV-C treatment induced mutagenesis in the parental CHO-DRA10 lines in a dosedependent manner up to 4 J/m 2 then reached a plateau even for the dose of 20 J/m 2+ (Figure 3a) . However, the hyper-rec lines (over-expressing the wild-type MmRAD51) exhibited level of UV-induced mutagenesis similar to those of the control cell line. In contrast, in the hypo-rec lines a signi®cant increase in UV-Cinduced mutagenesis was recorded. At a dose of 4 J/ m 2 , mutagenesis increased 2 ± 3.8-fold compared with control lines, and at a dose of 20 J/m 2 mutagenesis increased 3.4 ± 4.2-fold in the hypo-rec lines.
Excision repair de®cient cells exhibit higher level of UV-induced recombination compared to repair pro®-cient cells; however spontaneous recombination is similar in both kind of cells, suggesting that unexcised DNA damage, rather than the excision repair process per se, stimulates recombination (Bhattacharyya et al., 1990; Tsujimura et al., 1990) .
Consistently the status of RAD51 dierently aects spontaneous and UV-induced mutagenesis. Neither MmRAD51, which stimulates spontaneous recombination, nor SMRAD51, which inhibits spontaneous recombination, aects spontaneous mutagenesis. In contrast, UV-induced mutagenesis is inversely correlated with the recombination eciency after UV-C treatment. MmRAD51, which has no eect on UVinduced recombination, does not aect induced mutagenesis. SMRAD51, which decreases UV-induced recombination, consistently stimulates induced mutagenesis. These data suggest that the defect in Figure 3 (a) Spontaneous mutagenesis. Fluctuation analysis was used to measure spontaneous mutagenesis. For each line analysed, several independent cultures were plated and cultured to con¯uence. Cells were then trypsinized, counted and one portion was used for plating eciency estimation. The remaining cells were plated on selection medium. The mutant colonies were selected on 2 mM ouabain. The resulting number of ouabain-resistant clones was used to calculate the mutagenesis frequency. The rate of mutagenesis per cell per generation was calculated by using the¯uctuation analysis of Luria and DelbruÈ ck (Luria and Delbruck, 1943; Capizzi and Jameson, 1973) . (b) Mutagenesis induced by UV-C irradiation. The names and phenotypes of the cell lines are indicated on the ®gure. The values correspond to the mean of three independent experiments. Mutagenesis frequency was measured after irradiation with UV-C (254 nm at 0.7 J/m 2 /s) at the dose indicated. After irradiation the cells were incubated in DMEM at 378C for 24 h. The cells were then trypsinized and divided into two fractions. The ®rst fraction was used to calculate the viability by measuring the plating eciency. The second fraction was plated and selection medium with ouabain (2 mM) was applied 24 h later homologous recombination, due to the expression of the trans-dominant negative RAD51 form, more speci®cally aects mutagenesis induced by adducts such as UV-damage. The dierence between spontaneous and UV-induced mutagenesis may be due to the dierent types of damage, RAD51 being less involved in the processing of spontaneous potentially mutagenic damage. Additionally, the eect of RAD51 de®ciency may require a high level of damage before it can be revealed. In yeast, RAD51 mutants exhibit a spontaneous mutator phenotype which can be suppressed by mutation of the TLS polymerase rev3 (Quah et al., 1980) . Several lines of evidence are consistent with an involvement of mammalian Rad51 in PPR in mammalian cells. First, the mammalian Rad51 protein is expressed late in the S and G2 phases, i.e. after the replication phase (Chen et al., 1997) . Second, RAD51 similarly aects mutagenesis and sister chromatid exchanges (SCE) which is a post-replication process: in the same cell lines used here, RAD51 has no eect on spontaneous SCE whereas it aects induced SCE (Lambert and Lopez, 2001 ). Third, Rad51 and polZ partly co-localize after UV treatment. PolZ is a PPR polymerase whose mutation in xeroderma pigmentosum variant patients leads to a mutator phenotype and predisposition to skin cancer (Kannouche et al., 2001 ).
Our results show that in mammalian cells, a defect in the RAD51 gene conversion pathway reveals mutagenic alternative pathway(s). Taken together these data are consistent with a role for RAD51-recombination in post-replication repair of UV-lesions and the channeling to the alternative translesion synthesis when the RAD51 recombination pathway is inecient. This conclusion implies that through UV-damage TLS is globally an error-prone process in mammalian cells too.
The present data reveal an additional role of mammalian RAD51 protein in the survey of genome maintenance: the avoidance of induced mutagenesis. This phenotype should have important implications in tumor prevention as well as in molecular evolution.
